Oligonol, a low-molecular weight polyphenol isolated from lychee fruit, has been shown to possess beneficial properties, including anti-oxidative, anti-diabetic, and hepatoprotective properties in vitro and in vivo. This study was performed to investigate the anti-inflammatory effects of oligonol using sodium nitroprusside (SNP)-stimulated RAW 264.7 macrophage cells. Our results demonstrated that exposure of SNP to RAW 264.7 cells significantly decreased cell viability, and increased nitric oxide (NO) and reactive oxygen species (ROS) production. However, treatment with oligonol inhibited cell death and suppressed the over-production of NO and ROS induced by SNP in a dose-dependent manner. Consistent with these findings, oligonol significantly downregulated the mRNA levels of pro-inflammatory mediators, inducible nitric oxide synthase and cyclooxygenase-2, when compared with the SNP-treated control group. Furthermore, suppression of nuclear factor-kB (NF-kB) activation was also observed after treatment with oligonol in RAW 264.7 macrophage cells. These results suggest that oligonol attenuated SNP-induced oxidative stress and inflammatory responses via regulation of the NF-kB signalling pathway.
Introduction
Inammation is a defence mechanism against harmful pathogens, such as bacteria, virus, and fungi, and macrophages are responsible for immune responses.
1 During inammation, activated-macrophage cells secrete pro-inammatory cytokines and mediators, including nitric oxide (NO). NO plays a critical role in maintaining physiological homeostasis in the body. However, excessive NO can react with superoxide anion (O 2 À ) to form toxic peroxynitrite (ONOO À ), which is implicated in the progression of degenerative and inammatory diseases, such as cancer, diabetes, cardiovascular diseases, and Alzheimer's disease. 2 Sodium nitroprusside (SNP), a potent NO donor, is widely used to elucidate the possible mechanisms of NOmediated oxidative stress and cell death. [3] [4] [5] It has been reported that SNP induces phosphorylation of extracellular signalregulated kinase (ERK), p38, and c-Jun NH 2 -terminal kinase (JNK) in macrophages. The activation of signalling pathways involving these mitogen-activated protein kinases (MAPKs) leads to the production of pro-inammatory cytokines and mediators, such as NO and prostaglandin E 2 (PGE 2 ). 6 In addition, a high level of SNP causes production of reactive oxygen species (ROS) and induction of apoptotic signalling pathway in a variety of cell types. 5, 7 Therefore, suppression of NO and ROS is a key modulator in inhibiting the progression of inammation-related disorders.
8,9
Oligonol, a phenolic compound derived from lychee fruit (Litchi chinensis Sonn.), is used as dietary supplement and pharmaceutical additive. In order to improve its absorption and bioavailability, oligonol from lychee extract is processed by an oligomerization reaction that converts high-molecular weight compounds into low-molecular weight oligomeric proanthocyanidins (including monomers, dimers, and trimers), indicating that oligonol contains high levels of proanthocyanidins, when compared with other plant sources.
10 Previous reports have shown that oligonol exhibits anti-oxidative and antiinammatory activity both in vitro and in vivo. Treatment with oligonol ameliorated hepatic damage against oxidative stress and lipid deposition in type 2 diabetic animal model. 11 It has also been shown that oligonol exhibits protective effects against oxidative stress-induced inammatory responses in glial cells.
However, the effects of oligonol on SNP-induced cellular damage have not been studied yet. In the present study, we investigated the protective effects of oligonol against SNPinduced oxidative stress and NO formation in RAW 264.7 macrophage cells.
Experimental

Preparation of oligonol
Oligonol was provided by Amino Up Chemical Co., Ltd. (Sapporo, Japan), where it is produced from the lychee fruit (Litchi chinensis Sonn.) extract using a patented technology (international patent WO 2004/103988 AI). 
Cell culture
The RAW 264.7 cells were cultured at 37 C in a CO 2 (5%) incubator in DMEM containing penicillin/streptomycin (1%) and FBS (10%) and were sub-cultured weekly using 0.05% trypsin-ethylenediaminetetraacetic acid (EDTA) in phosphate buffered saline.
Cell viability
Aer the cells reached conuence, they were seeded at 5 Â 10 4 cells per well into 24-well plates and incubated for 2 h, and then treated with oligonol (5, 10, and 25 mg mL À1 ) for 24 h. RAW 264.7 cells were then stimulated with SNP (500 mM) for 24 h. The cells were incubated with 1 mL of MTT solution (5 mg mL À1 ) for 4 h at 37 C, and the medium containing MTT was removed.
Then, the formazan crystals were dissolved in 1 mL of DMSO, and viable cells were quantied by measuring the absorbance at 540 nm.
14 Measurement of NO production NO production was evaluated by quantifying the nitrite accumulation in the medium treated with the Griess reagent. To measure nitrite levels, the cell supernatants were added with a same volume of the Griess reagent. And then, the nitrite concentration was measured using microplate spectrophotometer (BMG LAB-TECH, Ortenberg, Germany) at a wave length of 540 nm.
15
Measurement of ROS production
The ROS scavenging activity of oligonol was measured using dichlorodihydrouorescein diacetate (DCFH-DA). 16 RAW 264.7 cells were incubated with oligonol (5, 10, and 25 mg mL À1 ) for 24 h at 37 C, followed by treatment with SNP (500 mM) for another 24 h. Florescence was read for 60 min, at wavelengths of 480 nm for excitation and 535 nm for emission, using a ores-cence plate reader (BMG LABTECH, Ortenberg, Germany).
Reverse transcription-polymerase chain reaction (RT-PCR)
Total RNA was isolated using a Trizol reagent (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions. Cells were lysed using Trizol reagent and transferred to microfuge tubes. RNA was reverse-transcribed into cDNA which was amplied using PCR. The primers and amplication conditions are listed in Table 2 . PCR products were analysed on 1% agarose gels, and bands were visualized using an LED slider imager (Maestrogen, Las Vegas, NV, USA).
Statistical analysis
Data are expressed as the mean AE SD. Statistical signicance was measured by one-way ANOVA, followed by Duncan's post hoc tests (P < 0.05).
Results and discussion
Under inammatory condition, NO may combine with O 2 À to form ONOO À , which is implicated in damage to lipids, proteins, and nucleic acids. Previous studies have demonstrated that a large amount of NO induces expression of pro-inammatory cytokines and enzymes associated with various inammatory disorders. 17, 18 In addition, NO can react with other free radicals, which are involved in oxidative or nitrosative stress to cells. 19 Therefore, inhibition of excessive NO generation is crucial in the prevention and treatment of inammatory diseases. SNP, an NO donor, has been recognized as an inducer of apoptosis in various cell types, including macrophage cells. 20, 21 It has already been suggested that SNP is a pro-oxidant agent that induces cellular impairment and cytotoxicity via the release of NO. 22 Geetha et al. 23 has also reported that SNP induced cytotoxicity and led to the production of ROS in macrophages. Much attention has been focused on natural sources containing polyphenols and avonoids, which exert anti-inammatory effects by suppression of NO production or pro-inammatory cytokines. [24] [25] [26] In order to investigate the effects of oligonol, which is a low molecular weight polyphenol obtained from Litchi, on inammatory responses, we evaluated cell viability, NO, and ROS production, as well as the levels of mRNA expression of inammation-related genes in SNP-stimulated RAW 264.7 macrophage cells.
Cell viability was detected by the mitochondrial reduction of MTT in SNP-induced RAW 264.7 cells treated with different concentrations of oligonol. As previously reported, SNP can lead to cell cytotoxicity and over-production of NO and ROS in macrophages.
27 Consistent with previous evidence, exposure to SNP reduced cell viability (29.17%), when compared with the control group (100%), indicating that SNP induces cell death in RAW 264.7 cells. However, treatment with 5, 10, and 25 mg mL
À1
oligonol signicantly increased the cell viability to 42.77%, 81.28%, and 97.87%, respectively (Fig. 1) .
To investigate the anti-inammatory properties of oligonol against SNP, we examined NO production in RAW 264.7 macrophage cells. Cells were pre-treated with various concentrations of oligonol (5, 10, and 25 mg mL À1 ) for 24 h, and then stimulated with the 500 mM SNP for another 24 h. The levels of NO in the cell culture supernatants were determined by Griess reagent assay. As shown in Fig. 2 , SNP signicantly enhanced NO production when compared with the control group (from 5.0 mM to 26.6 mM), whereas oligonol treatment was shown to signicantly suppress SNP-induced NO production in a concentration-dependent manner. In particular, treatment with 25 mg mL À1 oligonol markedly inhibited over-production of NO from 26.64% to 13.78%. Activated macrophages have been known to increase oxidative stress and reduce antioxidant enzymes that prevent cell or tissue damage. 28 Increasing evidences have indicated that SNP- induced NO upregulates endogenous ROS generation, which, in turn, induces cellular apoptosis. 29 Oligonol has also been shown to exhibit protective effects against oxidative stress in vitro and in vivo.
12,30,31 However, it remains unclear whether oligonol prevents SNP-induced ROS production. We measured the protective effects of oligonol on ROS production due to SNP, using DCFH-DA assay. Fig. 3 indicates that SNP-stimulated RAW 264.7 cells exhibited higher ROS formation (100%) when compared with the normal group (67.6%). However, oligonol effectively attenuated ROS levels when compared with the SNPtreated control group. The ROS levels of the cells treated with 5, 10, and 25 mg mL À1 of oligonol group were 89.9%, 83.6%, and 82.9%, respectively. These results can be supported by previous evidence showing that oligonol treatment increased superoxide dismutase activity and attenuated ROS levels against high glucose in vascular endothelial cells. 32 Therefore, our ndings suggested that oligonol has antioxidant properties, acting as scavengers of ROS generated by SNP.
Under inammatory progression, iNOS and COX-2 are signicantly up-regulated, which promotes NO generation. Abnormalities in NO production by iNOS led to cytotoxicity, which is implicated in the pathogenesis of various inamma-tory disorders, including cardiovascular disease, neurodegenerative disease, and cancer. [33] [34] [35] Thereby, we performed RT-PCR for observation of mRNA expression levels of iNOS and COX-2 in SNP-treated RAW 264.7 macrophage cells. The data indicated that the mRNA expression levels of iNOS and COX-2 induced by SNP in macrophages were suppressed aer oligonol treatment (Fig. 4) . In particular, treatment with 25 mg mL À1 oligonol signicantly decreased mRNA levels of iNOS and COX-2 when compared with the single SNP-treated group. Fujii et al. 36 also showed that oligonol inhibited high glucose-induced iNOS and COX-2 protein expressions. These results suggested that suppression of pro-inammatory mediators, iNOS and COX-2, may contribute to inhibitory effects of oligonol against NO production induced by SNP. NF-kB is an important upstream transcription factor for regulation of iNOS and COX-2 expression. Before activation, NFkB is combined with inhibitor kB (IkB), an inhibitory protein. When exposed to extracellular stimuli, such as SNP, IkBa is phosphorylated and dissociates from NF-kB. 37 The free NF-kB is translocated from cytoplasm into the nucleus to activate the inammation-related genes, such as iNOS and COX-2.
38 In addition, ROS can regulate production of these proinammatory mediators via NF-kB dependent mechanisms. In the present study, we therefore investigated whether oligonol affects NF-kB activation in SNP-induced RAW 264.7 macrophage cells. Our data showed that treatment of SNP signicantly over-expressed the mRNA levels of NF-kB compared to control group; however, treatment with oligonol signicantly inhibited NF-kB expression (Fig. 5) . Several evidences have demonstrated that treatment of oligonol downregulated the mRNA levels of pro-inammatory cytokines, such as tumor necrosis factora (TNF-a) and interleukin (IL)-1b, by inhibition of NF-kB activity in CCl 4 -induced rat model. 39 Moreover, oligonol suppressed IL-6 and TNF-a production mediated by NF-kB activation in human monocytes. 40 According to Yamanishi (2014) , oligonol decreased the mRNA levels of NF-kB target genes cytokines and chemokines, TNF-a.
41
Oligonol treatment also markedly reduced the lipopolysaccharide-induced mRNA expression of IL-1b, IL-6, and TNF-a in RAW 264.7 cells.
42 Therefore, oligonol may inhibit NF-kB activation and nuclear translocation to suppress the expression of these inammatory cytokines.
Lychee polyphenols have catechin-type monomers and oligomers of proanthocyanidins. However, proanthocyanidins with a high-molecular-weight are insoluble in water and making them to utilize in the food industry is difficult. In addition, they have high-molecular-weight and their absorption is limited in the body. Previous research demonstrated that high-molecularweight proanthocyanidin can be converted into low-molecularweight proanthocyanidin under acidic conditions. According to method of Tanaka et al., catechin monomers are replaced at the C-4 position of proanthocyanidin fragment with a highmolecular-weight, leading to generate low-molecular-weight proanthocyanidins. 43 Therefore, the contents of oligomers in a typical polyphenol polymer are less than 10%, whereas oligonol, which is produced by oligomerizing polyphenol polymers derived from lychee fruit, consists mainly of 15.3% monomeric avan-3-ols [i.e., (+)-catechin, (À)-epicatechin, (À)-epicatechin 3-gallate, and (À)-epigallocatechin gallate], which combined constitute approximately 16.7% of dimers and 4.5% of trimmers surpassing equivalent products.
44
There are accumulating evidences that oligonol exerts antiinammatory properties in vivo. Our previous study revealed that supplementation of oligonol suppressed the production of lipid peroxidation and NO production, which are mediator of inammation, in the amyloid b-injected mice brain. 45 Park et al. demonstrated that protein expression of pro-inammatory cytokine including TNF-a and oxidative stress-mediated JNK signaling were markedly down-regulated by oligonol treatment. 46 In addition, administration of oligonol inhibited oxidative stress and inammation through the inhibition of ROS generation, lipid peroxidation, and down-regulation of NFkB and iNOS protein expression.
11 Oligonol also signicantly inhibited UVB-induced COX-2 expression in mouse model.
47,48
To further understand effect of oligonol, a study involving the pro-inammatory cytokines and mechanisms in vivo should be performed to determine the protective role of oligonol in SNPinduced inammatory responses, our results suggest that anti-inammatory effects of oligonol through the regulation of NF-kB signalling pathway may be the possible mechanism responsible for the inhibition of NO and ROS production in SNP-stimulated RAW 264.7 macrophage cells.
Conclusions
Our ndings demonstrated that oligonol increased cell viability and inhibited NO and ROS production in SNP-induced RAW 264.7 macrophage cells by suppressing the levels of pro- Means with different letters are significantly different (P < 0.05) as determined by Duncan's multiple range test. GAPDH was used as a control gene for normalization of relative gene expression levels. inammatory mediators, iNOS, and COX-2. Therefore, the protective effects of oligonol against SNP-mediated cellular damage may be mediated via regulation of NF-kB activation. Although further studies are needed to investigate the precise mechanisms of oligonol-induced regulation of inammatory signalling pathway, our ndings suggest that oligonol exhibits therapeutic potential against inammation-related diseases.
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